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Summary  
A new innovative approach to study inhomogeneous cirrus by collocated airborne 
radiation and microphysical measurements is presented. The close collocation of the 
measurements, above, beneath and inside the cirrus cloud, is obtained by two 
platforms connected to each other: a research aircraft (Learjet) and the towed platform 
AIRTOSS (AIRcraft TOwed Sensor Shuttle). The AIRTOSS can be released from and 
retracted to the aircraft by means of a towing cable up to a distance of 4 km. 
In the framework of the AIRTOSS – Project (a cooperation with the University and the 
Max Planck Institute for Chemistry in Mainz, and the Forschungszentrum Jülich 
GmbH) two field campaigns were performed in spring and late summer 2013 above 
the North Sea. First preliminary results illustrate the quality of the measurements 
which emphasizes the benefit of such collocated measurements. 
The effects of cloud optical layer properties on the radiative energy budget of cirrus 
are studied by measurements of spectral up- and downward solar irradiances. From the 
collocated measurements spectral transmissivity, absorptivity and reflectivity of the 
observed cirrus layer are derived directly and set into relation to the in situ 
measurements of cirrus microphysical properties. 
To constrain the cloud radiative effect found in the measurements and to improve our 
understanding of the impact of cloud inhomogeneities we apply additional radiative 





AIRTOSS (AIRcraft TOwed Sensor Shuttle) ist eine neue innovative Methode zur 
Untersuchung inhomogener Cirruswolken durch gleichzeitige, flugzeuggetragene 
Messungen der Strahlungs- und mikrophysikalischen Eigenschaften. Die gute zeitliche 
Übereinstimmung der Messungen über, unter und innerhalb der Wolkenschicht wird 
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realisiert durch zwei Messplattformen, die miteinander verbunden sind: ein 
Forschungsflugzeug (Learjet) und der am Seil befestigte AIRTOSS. Dieser kann vom 
Flugzeug bis zu einer Länge von 4 km abgelassen und wieder eingezogen werden.  
Im Rahmen des AIRTOSS – Projektes (eine Zusammenarbeit mit der Universität 
Mainz, dem Max Planck Institut für Chemie Mainz und dem Forschungszentrum 
Jülich GmbH) fanden zwei Messkampagnen im Frühling und Spätsommer 2013 über 
der Nordsee statt. Erste Ergebnisse zeigen das hohe Potenzial der Messungen und 
unterstützen so den Nutzen dieser parallelen Messmethode. 
Der Effekt optischer Wolkenschichteigenschaften auf das Strahlungs- und 
Energiebudget von Cirruswolken wird durch die Messungen der spektralen auf- und 
abwärts gerichteten solaren Strahlungsflussdichten untersucht. Mithilfe der parallelen 
Messmethode können Transmissivität, Absorptivität und Reflektivität der zu 
untersuchenden Cirrusschicht direkt ermittelt und mit in situ Messungen der 
mikrophysikalischen Eigenschaften des Cirrus kombiniert werden.   
Zur Untersuchung des aus den Messungen erhaltenen Wolkenstrahlungseffekts und 
zur Verbesserung des Verständnisses für den Einfluss von Wolkeninhomogenitäten 
werden zusätzlich Strahlungstransportrechnungen durchgeführt. Die gemessenen 






The largest uncertainties in climate modelling and remote sensing originate from 
clouds and their effects and interaction with solar and thermal radiation 
(Intergovernmental Panel on Climate Change, IPCC 2013, http://www.ipcc.ch/). In 
particular, cirrus clouds can either warm or cool the atmosphere, depending on optical 
thickness and cloud altitude (Lynch et al., 2002). Cirrus clouds are globally 
distributed. They are present at all latitudes and in all seasons with a mean global 
cloud cover of about 20 – 30 %, and more than 70 % in the Tropics (Wylie et al, 
1994). Due to different environmental conditions and evolution processes cirrus can 
have a diversity of structures. The radiative cloud layer properties (reflectivity, 
transmissivity, absorptivity of the incoming solar and outgoing terrestrial radiation) of 
the optically thin ice clouds depend strongly on the microphysical and optical 
properties of the cloud particles. The relation between reflecting and absorbing solar 
radiation causes a cooling or warming effect of the cloud. The more the incoming solar 
radiation is reflected back to space the higher is the cooling effect of a cloud.  
The inhomogeneous cloud properties have an impact on (i) the energy budget of the 
Earth’s atmosphere and (ii) on their remote sensing of optical thickness τ and effective 
radius Reff which is mostly based on 1D radiative transfer modelling. 
 




























Fig. 1: Learjet with towed AIRTOSS (AIRcraft TOwed Sensor Shuttle). Picture was 
taken during the test flight from chaser plane. 
 
To investigate the spatial inhomogeneity of cirrus, simultaneous airborne radiation 
measurements above and beneath the cloud collocated with in situ microphysical 






Airborne radiation measurements were performed during the AIRTOSS (AIRcraft 
TOwed Sensor Shuttle) campaign in spring and late summer 2013. The measuring 
flights started from the military airports in Hohn and Jagel, Schleswig Holstein, North 
Germany, and were performed above the North Sea. 
Several instruments for different purposes were mounted in the Learjet, AIRTOSS and 
a wing pod underneath the left wing (see Fig. 2). In the framework of the AIRTOSS 
project instruments for radiation, microphysics, trace gas and water vapor 
measurements were operated. 
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Fig. 2: Assembly of the research plane Learjet, the wing pod underneath the left wing 
and the towed AIRTOSS (Frey et al., 2004). 
 
To derive the cloud optical layer properties reflectivity, transmissivity and absorptivity 
up to now the radiative measurements above and below the cloud layer were 
performed consecutively. This method causes a temporal shift between the two 
measurements and thereby errors. This method can be used for more or less static 
cloud layers at lower altitudes. Cirrus are at an altitude with higher wind velocities, 
that makes these collocated measurements necessary. The assembly of Learjet and 
AIRTOSS below enables collocated measurements of radiative and microphysical 
cloud properties at two altitudes. 
AIRTOSS (Fig. 3) looks like a kind of rocket and has a length of 2.85m, is 24 cm in 
diameter and has a maximum weight of 70 kg. In the front part the Cloud Combination 
Probe for microphysical measurements is mounted. The middle part consists of the 
battery and in the back part the radiation instrument is mounted with an up– and 
downward looking optical inlet. 
In total five optical inlets, two for upward irradiance (W m-2 nm-1), two for downward 
irradiance, and one for upward radiance (W m-2 nm-1 sr-1) were mounted on the two 
platforms Learjet and AIRTOSS. 
Optical fibers connect each of them with two Zeiss Spectrometers for the visible / near 
infrared (300 - 1000 nm) and shortwave infrared (900 - 2300 nm) wavelength range. 
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Fig. 3: AIRTOSS is 2.85m long, 24 cm in diameter and has a maximum weight of 70 
kg. In the front part is the Cloud Combination Probe. The middle part consists of the 
battery and in the back part the radiation instrument is mounted with an up– and 
downward looking optical inlet (little picture on the right).   
 
Next to the radiation instruments inside AIRTOSS and the wing pod microphysical 
cloud probes collect information about cloud particle size, shape and number size 
distribution for a particle size range from 2 to 960 µm.  
 
 
Optical Layer Properties 
 
The microphysical properties of the cloud particles like particle size, shape and phase 
define the radiative properties of the cloud particles. Additionally with the number size 
distribution the optical layer properties reflectivity, transmissivity and absorptivity are 
described. The radiative properties of a cloud layer determine the impact of the cloud 
on the radiative energy budget of the Earth’s atmosphere. 
By measuring up- and downward flux densities above (top) and below (base) a cloud 
layer the optical properties can be calculated as follows. The reflectivity 
 
𝑅𝑅 = 𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡↑ −𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏↑
𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡
↓  ,   (1)  is the amount of incoming solar radiation that is reflected by the cloud layer from above. The transmissivity of a cloud layer  
𝑇𝑇 = 𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏↓
𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡
↓  ,    (2) 
 
describes the part of the incoming radiation that gets through the cloud. The amount of 
radiation that stays inside the cloud layer due to absorption can be defined with the 
absorptivity 
𝐴𝐴 = �𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡↓ −𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡↑ �−(𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏↓ −𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏↑ )
𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡
↓   , (3). 
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These formulas are used to derive the cloud optical layer properties from the measured 
solar flux densities for investigating the effect of the inhomogeneous cirrus layers on 





First measurement results are shown here from the 9th scientific flight, performed on 
September, 3rd in 2013. In Fig. 4 the time series of the downward irradiances at one 
wavelength is illustrated for the complete flight.  
 
 
Fig. 4: Time series of downward irradiances above (Learjet, black) and below 
(AIRTOSS, blue) the investigated cirrus layer on September, 3rd. The red line shows 
the flight altitude. 
 
The altitude (red line) shows the stepwise flight pattern for measuring at different 
altitudes. The peaks in the time series of the irradiances are due to flight manoeuver 
and have to be rejected. Between the black and blue lines there is a difference showing 
the attenuation through interaction of the solar radiation with the cloud layer in 
between.   
 
 
Fig. 5: Cloud situation on September, 3rd, recorded with an on board camera from 
inside the cockpit. 
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Fig. 5 shows the cloud situation during this flight while Northern Germany was under 
the influence of a warm front above Denmark.   
Measured spectra of upward (blue) and downward (black) irradiances from both 
platforms are shown in Figure 6. The solid lines show the spectra from the Learjet 
above the cloud layer, the dotted lines are the ones from the AIRTOSS from below the 
cirrus. The up- and downward irradiances, respectively, differ between the two heights 
caused by interaction, like reflection or absorption of the incoming solar radiation, 
with the cloud particles of the cirrus layer in between. The dotted line shows the 
attenuated irradiance underneath the cloud layer. 
 
 
Fig. 6: Downward (black) and upward (blue) irradiance above (Learjet, solid line) 
and below (AIRTOSS, dotted line) the cloud layer at 09:34:55 UTC on September, 3rd. 
The error bars show the standard deviation from measurement uncertainties. 
 
From below the cloud layer the upward radiation is dependent on the albedo of the 
Earth’s surface or underlying clouds. That is the reason why the measurements were 
performed above the ocean with a constant surface albedo. From above the cloud the 
upward irradiance consists mainly of the reflected radiation. The absorption bands at 
wavelengths of 1140 nm or 1400 nm can be seen in this measurement case in Fig 6.  
By measuring the up- and downward irradiances above and below the cloud layer at 
the same time the cloud optical layer properties according the formulas (1) – (3) can be 
derived.  
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Fig. 7: Cloud optical layer properties reflectivity (black), transmissivity (red) and 
absorptivity (green) at 09:34:55 UTC on September, 3rd. 
 
Fig. 7 shows the spectral reflectivity (black), transmissivity (red) and absorptivity 
(green) in the visible and near infrared wavelength range for the example in Fig. 6. As 
cirrus clouds are optically thin clouds the reflectivity is not higher than 10 % and in 
contrast the transmissivity shows high values between 90 and 60 %. Absorption bands 
can be seen in the near infrared range.  
 
 
Radiative Transfer Simulation 
 
To investigate the effects of different cloud particle shapes and sizes on cirrus cloud 
optical layer properties sensitivity studies with the one dimensional radiative transfer 
model libRadtran (Mayer and Kylling, 2005) are performed. The needed volumetric 
scattering properties are derived by combining calculated tables of single scattering 
properties by Yang et al. (2005) with in situ measured number size distributions from 
cloud imaging probes and forward scattering instruments. To investigate the effects of 
varying cloud particle shape and size cloud sensitivity studies are performed by 
varying the input parameters.  
A first attempt, shown in Fig. 8, is to combine one number size distribution with 
different ice crystal shapes. The microphysical data (Fig.8 (c)) used in this example is 
obtained by in situ measurements from a 50 seconds part of the flight on September, 
3rd with a mean diameter of about 280 µm. The graphs in (a) and (b) show optical layer 
properties of a modelled cirrus cloud layer with a vertical thickness of 1100 m 
containing the distribution of (c). In case (a) the complete cloud layer consists of 
hollow column crystals, for (b) it consists of droxtal crystals. These different 
assumptions lead to visible effects in radiative properties of the cloud layer. 
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Fig. 8: Modelled cloud optical layer properties reflectivity (black), transmissivity (red) 
and absorptivity (green) of a cirrus cloud consisting of ice crystals of hollow column 
(a) and droxtal (b) shape. Implemented is the in situ measured number size 
distribution (c) from September, 3rd. 
 
Droxtals are similar to spherical droplets and thus the modelled cloud has a higher 
optical thickness as can be seen in Fig. 8 (b). In the near infrared wavelength range 
there can be seen a difference of up to 50 % for absorptivity and transmissivity. 
 
 
Summary and Outlook 
 
Inhomogeneous cirrus have been investigated by collocated airborne radiation and 
microphysical measurements in the framework of the AIRTOSS (AIrcraft TOwed 
Sensor Shuttle) - Project in cooperation with the University of Mainz, Max Planck 
Institute for Chemistry in Mainz and Forschungszentrum Jülich GmbH. The effects of 
cloud optical layer properties on the radiative energy budget of Cirrus were studied. 
Spectral up- and downward irradiances in the visible and near infrared wavelength 
range have been measured to derive the spectral transmissivity, absorptivity and 
reflectivity of the observed cirrus layer. Collocated measurements by a research plane 
(Learjet) and the towed platform AIRTOSS, released on a 4-km long towing cable 
underneath the plane, are collected above, beneath and inside the cirrus cloud. Two 
field campaigns have taken place in spring and late summer 2013 above the North Sea. 
First results show useful measurements which emphasizes the benefit of this 
arrangement.  
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Investigating the impact of different ice crystal shapes and cloud particle sizes the one 
dimensional radiative transfer model libRadtran (Mayer and Kylling, 2005) is used in 
combination with calculated tables of ice crystal single scattering properties (Yang et 
al., 2005). Implementing an in situ measured number size distribution obtains 
volumetric scattering properties and is an important advantage compared with stated 
libRadtran calculations.  
Further investigations will use more varying shapes, especially mixtures of shapes, and 
different number size distributions. Additionally, comparisons with measured optical 
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